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INTRODLCTION

ZTH {8 tc reach 2 MA by inductive energy transfer
in 0.05 s ,ollowed by power supply rampling to 4 MA {n
0.4 a. Major and minor vradiif are 2.4 and 0.4 m.
Copper for the poloidal field cofls weighs 48 metric
tonnes, the one-turn equivalent ohmic heat{ng (OH) coil
inductance {is 1.90 pyH, and the OH coil rating 1is 15.4
MAT, 225 MJ, and 29.3 Vs at 60 kA. The normal
operating OH current La 50 KA. Desfgn of the colil for
60 kA provides a margin for uncerraintles.

OH cofls are connected in series and the comblna-

tion (s connected 1in parailel with four equilibrium
fiel! (EF) colls. With optimized locatfon of all
colls, this connection provides decoupling between the

OH and EF coll sets so that the changing OH current

doea not affect EF winding current.

DES!GN PHILUSOPH!

The ZTH PF coll nrrnngem*nt and circult is similar
to that of the RFX experiment’', and actually grew from
the original Padova air core dealgn proposed for the
Britiah RFX. In this concept the OH and EF colls are
connected (n parallel and located so that the two sets
are decoupled, and the FF coll fInduced currents are
dlirectly proportional to plamma current with a magni-
tude to provide an Initlal passive equilibrium. Power
required for equillbrium control {n thin deslgn s mi-
nimlzed, a nighly {mpoirtant consideration for the (fast
risetime of ZTH.

The Padova concept Ia slmilar to the original
Doubiet demign, where, with oroper placement or Oil
colls and a parallel connecticn of FF cofls located
close to the ahaped varyum vensel, the desired flux
sutface shape win ohtained [(10m the TF coll induced
currents. lu the limit of venishing coll resistance
this 1deal geometry would premerve the destred flux
surface for all time hecaume with equal turna all colln
munt have and mafntaln the same flux, (ndependent of
planna current. With nonrero restatance and open FF
colls, the OH cofla munst be aituated ao that the 0§
f'un retutna gutside the toroidal area encloned by the
E¥ (olin to prevent diffuswion LIuto this area of Ol
flelda, altering the flux surface. As plasma cu:rent
{ncieanes, Induced EF coll curranta due only to plaama
flus changen maintained the flux surface. Small power
supplice compensated fnr realwtive drops, and {n
additlon, were used tn produce omall changen {n the
flux aurface mhape.

The RFX EF cofln canvot he located on the vacuum
vennel (liner) hecaumm of the mholl and TF colls, but
the mame Doublet Ldea in achieved Ly shiftir the clr-
cle on which the FF cotls are located inwarde sao that a

flux murface cofnetden with the Hner, 2TH spocifica-
tfonn on torojdal fleld (TF) errcr and disgnostic
acrean  pravent  placement of any par' of an EF coll
cloner than 10 cm from ihe MHuer with the rvemulr that

locatton of EF cotin en a whifted clicle aimtlar to
that of the RFX design would 1equire  an unncesptably
large O aud EF cotl configuratlicn,  The aolution to

the 2TH magnetica danlign  probhlem tn the une of a
nonllnear  pumerfcal  optimieer  program  that slmulta-
* - . ]
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neously placea O an! EF coila to minimize both equilt-
brium power supply and coll coasts.

ZTH MAGNETICS DESIGN CONSTRAINTS

There are many specificationa (constrainta) cthat
strongly influence the ZTH magnetics design. The
effects of most of the conatralnts are not wmutually
exclusive. Some of the more important constraints {in

roughly the order of {mpact are listed below.

1. Programmed current changes {n the OH and EF colla
must be capable o. generating a 4-MA plasma cur-
rent using reascnable models for plasma parame-
tera. This criterlon reduces prineipally to spec-
ificatfons on the plasmma current risetime and
avajlable volt-seconds In the 0Ol cotila.

2. The diagnostic accena nmust be adequate. The
orlginal speciflication that there be cleur access
to the liner horizontally at the mldplane and ver-
tically sabove and below the minor axia was too
expensive for the equilibrium control Aystem. The
compromise allowa 25 c¢m above and below the
midplane 1looking horieontally in from the outside
of the torus and 2.5 cm about the minor axis
looking vertically.

3. Maximum radial deviatlion of the flux surface at
the llner fa ¢5 mm. This lImit {s fmpomed to con-
trol plasma-wall finteractions and erosfon of the
graphite armor. Here deviarion (d) ia defined as
the greatest radial distance fiom the liner to the
largest flux surface within the liner. The
specification of 5 om above {s equivalent to a d
value of 10 mm.

4. The atze of the radial field errot in the torofdal
fleld {8 specified as a function of the toroldal
mode number to control magnetic Island size at the
reversal aurflace.

5. The «coll voltage and curvent
boundaries set by couventional
awitching technology.

6, At plasma tnftlation
near the axia and the fleld throughout the
vesael muat be leam than 100 G,

7. A wstructuwie to support colla and load assembly
muat be low coat, enry to assemble, and allow
modular placement of colln.

muat be within
high voltage and

theie muint he a fleld null
vacuum

8. MWithin all oather conatvalnts, the total cont of
the colla, awitchgear, and power suppliesn ahould
be minimized,

THE ZTH MAGNETICS DESLUN COMPROMISE
The apecificatlon that moat {nflusnced the dealgn

of ZTH {n the riaetime requirement of about 50 ma aria-
ing from apecificatfon |. Scaling remulta from ZT-40M
show that the risetime for {nductive energy traunfe,
should he an fant am veamonably possible to veduce the
conmumpt lon of polotdal flux requlred to veach 2 MA,
Becauae of  the [amt curtent tiuws, powel neceanary to
contirol squilthrinm durlng the tise tendn to  be very
large unlean the boublet equiltihilum acheme {a employed
g0 that equiltbtiom  wupplisn only  compenmate o
rtenlative loanen and provide amall adjumtmenta to allow

for vardattions of fateranl  plame enetpy, If the
tinetime were aeveral secomda, the Doublet scheme would
not be necernanty bocanae EF energy  conld  pe  supplied
over  the lounger  time with  power mupplies of modeat
wlree A pomdecoupled PF magnetican conffgaeatton o



ZTH with 50 ms risetime would requlire more than 600 MW
of equilibrtum power. The chosen geometry requires 16
MW of equil{brium power to reach 2 MA and 70 MW for 4
MA plasma current. An advantage of a decoupled system
over one that {s not is that the OH and EF controls are
independent of each other.

A 50 ma risetime requires about 1-kV loop voltage.
To stay within reasonable etaste-of-the-art technology
of large coi) fabrication and switching (snecification
5), the maximum coil volrage mhould be limited to about

50-kVv, Hence the nuaber of OH coil turns should be
about 50. But simulations sargued the need for more
than 10 MA-turns {n the OH coill to obtain required

volt-seconds or with 50 turns the OH coil current must

be about 200 kA, a value too large for presently
avallable, reasonable ost, opening switches. The
solution to thia dilewma, taken from the Padova RFX

design, conaists of four interleaved coll sectiona in
series, with each section made up of 64 OH turns in
parallel with 64 turns from each of the four EF coil
palrs. The number 64 was a compromise in meeting the
conatraints of the desfign,

The combination of specifications 2 and 4 forced
the selectlon of the number and size of the TF colln.
With 48 colls, acceas wam sufficient but the mean minor
coll radiusr to mee: speclfication 4 is 60 cm. Because
of the large radius of the TF colls and apecifications
2 and 3, the EF collms could not be placed clnse to the
liner, and simple methods for locating EF cofls to op-
timize coupling and pasaive equilibrium from induced EF
currenta could not be employed. An auvantage of the
outward location of the FEF colls is that fewer are
needed to meet apeci{fication J. Ouly three coil pairs
could have been used. Tou improve the capnbility of the
equilibrium control system four pairs are used.

There ate several Important conmequencem to the
placement of EF colla relatively far from the liner
compared to the f{deal locstion on the llner. The
greateat disadvantage of the ZTH EF cofl location {s a
nonneglig:ble Increase in NH coil and energy system
coat over an ideal conflguratifon, but a significant ad-
vantage is the reductlion in the slze of EF cofls, A
large leakage {inductance results from ¢thiasa FF coll
locatlon that reduceas Lhe ZTH transfer eff{clency to 60
per cent of the ideal maximum value, requiring a 4y per
cent {ncreame {n OH coll volt-seconds and power over
that for the |Ideal Reometry. The leakage {nductance
almo reducen the induced ampere-tuins in the EF collw,
and for ZTH this veduction remsultm Iin forces non the EF
colln that are lems than one=half that for the {deal
configuration. AW a consequence, the ZTH EF colls are
smaller and require leam equllibifum power to wsupply
realstive lonmen compared to the {deal geometry. ZTH
EF collm could provide equilibrium for a plasaa current
of 6 MA wich additfonal support againat bending.

Selection of the plasma major radium required many
{terative calculations to matiafy the apeclfications.
It would have been denfrable to ralculate accurately
the total experfment coat am a function of major radius
R, But many f(unctions reculred for thia calculation
ave difffcult to quantify. For example, the effort re
quired to demign the coll and load anmembly tend to tn=-
creane with decreaning R but 1n quantired ntepa, A

recont attempt to decteane R from 2.4 m woula have
canned [nterfetence hotween TF colln and  the  mupport
hulheada, requiring a Jdiffereont  and more expeontive
Atructare,

Openlng awlitceh 1ating had the greateat offect on
the determinntton of R, Volt=mecondn connumed by the
plamma dutlog corrent pime probably  vatlen  directly
with K, ilagnetie enorpgy tianafer of flclency Increasess

with R to 4 power slightly less than one. Optimized OH
coil {inductance varies approximately as R (OH coll) to
the 3/2 power. Combining these approximationt leads to
the concluslon that the required OH coll current varies
roughly as I/R, a result with {important {mplications
regarding opening &awitch rating. At the onaet of the
ZTH magnetics design there was one proven opening
switch deslgn of reasonable coust rated at 25 kA, 50 kV.
Testing of two of theae switches {n parallel for a 50
kA rating had been perfoirmed successfully at Los
Alamos. A 75 kA switch is less reliable than the 50 kA
tested saswitch and characteristics are not fully known.
Selecting the ZTH opening switch rating at a nominal 50
kA set the OH cotl inductance and hence the OH coll
radius. The value of R then was determined by the
spacing required for EF and TF colls and access speci-
fications.

PF COIL OPTIMIZATION

Equilibrium power of the original ZT-Hl conceptual
design 18 exceseive at even 2 MA. A procedure is
required that providea:

. Low magnetic fleld {n the lin®r region frum the OH
coils,

2. Decoupling of OH and EF coils so that {nduced EF
currentsa are proportional only to plasma current,

3. Smaller EF currents for reduced forces lead(ng to
reasonahle coil size,

4. Induced EF coil! current distributfon that meet
flux asu~face deviatifon especifications for a
speclfied Shafranov value, and

5. A coil arraigement that meets the
access sgpec{fication and allowe a
structure,

diagnostic
reanonable

optimizatlion of NIl and EF coils does not
yleld the required decoupling of the two nets. Both
must be optimized simultanecunaly. It would be
dusirable to minimire unly one function (resldual), the
toctal coat of the experiment. But optimizer routines
that minimlze the aum of squaren of residuals does not

Sepnrate

work, implying that working only with the total cont
almo w!]l not work., A !inear optimiver does not work.
Nonlinea:r optfiiniear routlnea tha* mininize only one

realdual tend to get mtuck {n the maze of valleys and
bayous of the hyperapace of the many varfables.

The nonlinear opt{mizer wsubroutine that obtatnn
natisfylag remultm, written hy Ken Klare of group UTK-i
at LANL, 1ir A modified Gaume-ilewton procedure that
operates, uslug bdoth Jacobian a)d llensaian matricen, on
all of tihe reniduals mimultaneously. The modificatinns
ifnclude the addltion of a hook ‘eature that allows the
routine to  bypasa Jacoblan milnguiarlity difficultien,
Previounly trled optimizev routines: ars unnatisfactory
becaune rnolution remldunla and varlables depend on the
fnftial values and require many different atarting
pointa to approach the heat wolutfon, The Klare
routline nrrives at the szme anlutfon for & wide rauge
of etarting values, a renult that providea conflidence
that the wolution §ia the beat pongthle for the
conatralnts of the pronlen.

About A0 per vent ol the optamizer programa evala-
atcd *he renfdunls, and meat of the rest wam the onp*i-

mizer wubrouttne.  The progiam wam run {0 several dif-
fervent Tormn with 1) to 20 vartablen, lnftially a et
of 16 01l eoll patrn obialned a4 f1eld withlin the 1iney

of leam than | el. Wat tnterleaving wan diffteult  and
the cont of 16 aets of toellng for tabrleat lon would

have hern (oo eipenntve, With a proper met of 1Y
vardahlen and 63 welghte! reafdunl=, the optimizer ob-
talaed a veanonahle compromtae that met the apecitten-

tlion with only % OF coll palin.



Figure 1 shows the coll locationa. Vartables are
the radius of cofls 1 through 4, and 6, the height
above the midplane of coils 2, and 4 through B, and the
four EF coll ({nduced currents. The radius of coll 7
and height of 9 are (ixed by access requirements.
Because the optimizer tends to increase the radius of 5
beyond that which fits through the torus hall door, its
radius 1s fixed. Simllarly, the helght of 3 1a fixed
because the optimizer wishes to locate it where (it
interfers with the torus hall crane. To minimize
leakage inductance, coils 8 and 9 are placed am close
to the TF coll as tolerance requirements allow.

The residuals are:

1. magnitude of B resulting from OH cofl curreat st
23 potints on the liner,

2. wvarfation of flux due to EF and plasma currents at
2] points on the liner,

3. varlatlon EF and plasma
colls,

4, variation of the elements of the first

current flux at the FF

column of

the inductance weatrix from a @apecified Input
parameter, the des!red OH value,

5. four coupling coefficients bhetween OH and EF
colls,

6. difference between {nduced EF currentm and those
required for minimum deviation of the flux surface
at the liner,

7. difference between {nduced EF
specified diatrtbution,

8. two penalty functione (o prevent the optialzer
from cauaing wstructure problems by placing colls
2,3,6 too cloae tn each other.

currents and a

The redundancies in somc of the resf{dual functions
are necemsary. Tranafer efficiency fs approximately
proportional to the OH coll {nductance of & above.
This parameter fm as large as poaslble {n the
compromine to meet the mpecifications. For calculating
the f(lux nmurface deviation, (d) the plasma currvent is
represented an a afngle fi{lament located at a radius
equal to 1.00) R. This location {an chosen to obtaln
the leart d wi{th FF coll currents that provide an Index
of about 0.7 and a vertical fleld (Hv) calculated (rom
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the Shafranov formula for A equal vo -0.3. A solution
of the full Grad-Shafranov equlllbr%um equations con-
firmed the adequacy of the approach . The 1mmoblile
aingle wire plasma representation provides the best

cotls to form &
Fffects of the ahell

test of the capability of the EF
minimum deviation flux surface.
and liner on flux surface deviatlion are not Included.
The 1inductance matrix {s calculated with the liner
forced to be a flux surface, Reniduals 7 above are
used to reduce current in the outer EF cotls to mini-
mize forces and hence aizc of these colls.

RESULTS OF THE OPTIMIZATION

The Causs-Newton-hook optimizer routine works 8o
extraordinarily well chat It not only sulves the re-
quired problem but also allows the reductfun of the
number of OH colla to five pairs, simplifying the
structure and reducing the total OH coil cont, The

greatest optimizer weight 18 placed on deroupling and
achieving passive equilibrium at the (nitiation of
plasma current. This weighting and the reduction of

the number of OH coils does not ohtafn an 1ide.l low
value of vremidual B field withiin the ltner due to OR
coll current. Max{mum calculated B within the line {s
10.4 nT. However, with 282 amperes {n the tri{m colls
at Iin{tiation of plasma curvent, the hexapole null
shown in Fig. | is obtained.

Couplling coefflcients between EF and OH colls
varies from J.E~6 for EF6 to |.F-4 for coll EFE. Thene
coefficients, which Ideally should be zero for complet:»
decoupling, are unrealistically small becauae of
tolerance and nonideal winding effects. Iaduced EF
coll currenta caused by plasma current are within a tew
per ceant Sf thosme from a Grad-Shofranov equilibrtum
calculatton®,

Table ! 1inats sensltivity fectors for errora {n
coll fabricated radius or {n placement., The firat 9
rows are for a | cm increase in coll radium and the
lasat 9 rows are for a |l cm fncreamse in helght locatfon
above the midplane, all taken one at a time. The fivmt
4 colunns are nmultipliern of the decoupling
coefficientn, and the next 4 columna apply similarly to
the coupling coeffirients between FF coila and piamma.
The last two columns ave multipliern of the remidual B
within the liner due to OH coll curvent and multipliervs
for [lux murface deviation. Four enample, {f the radfua
of cofl 2 {s {ncreamed by | ca over the design value,
the decoupling cvefficient would change algn and (n-
crease in magnitude by a factor of 464, Similarly, the
coefficient of coupling betweren plasma and coil 6
decreanen | per cent, muagnitude of B wilhin the liner
due to Ol current f{ncreamea IO per cent, hut flux
aurface deviation doea not change.

fn B within the liner,
radtum of coll |, can he
Obvioualy, the

A 530 per cent Jncreane
becaune of a | cm error in the
offaet by initial trim current.
decoupling factors nre mont sensitive te coll ertorw,
yot the equilibrium  mupplien can take carve of
decoupling factors an large am 0,004 with the 50 mn
shell time conmtant. The mean copper 1adtun of each
coll will he determined am arcurately am  pornihle and
the optintzer will he 1prun to determine offaetn {n the

coll heighta above the midplane to  recover the hant
tealintlic decoupling. A caleulation ahowa that much
ad fjumtment would be wmoceesaful. All  collw can  he
adfunted 2 cm Un helght from the mfdplane to corvect
for iadtun etiorm and in eccentitc diaplacement to com-
penaate  for eccentrde locatlon of copper within the
mold. Fach cotl hlock whown In Flg., | Aactually
conuintn of  four aectlonn wlith  sepatate  leada fou
Interleaving. In each block  the  coll aectlons are
tatated 9 depioen with arapsct to oach other to 1sauw



Table 1

ZTH COIL SENSITIBITY FACTORS

Sensitivity tactors for o 1 cm Inrresse In R 1akin one a1 o (lme
loh coels ol et Iphl conafs of let -pw flux
LY} sut lace
] 2 ) 4 1 2 b 4 linet daviation
1 ¥y22.8 .1 -0 3.2 099 100 100 1 OO 1.3 1.0
? -463.5 11.¢ 0.1 7.4 099 1.0 1.00 1.00 1. 1.0
] 0 20 -0.1 41 1.00 1.0 }.00 1.00 0.8 1.0
4 1661 50.% 2.9 -1.0 1.00 1.00 1.00 1.00 0.8 1.1
3 39.% 9.1 -0.% -*.4 1.00 1.00 1.00 1.00 1.0 1.0
(] -93.8 6.1 1.0 1.0 1.01 0.99 1.00 1.00 1.0 1.0
? -31.8 -18.) 1.4 ©0.2 1.0 1.00 1.00 1.00 1.0 1.0
L} 1.% 0.7 2.0 2.2 1.00 }.01 0.97 1.00 1.0 1.1
9 1.0 1.1 1.1 1.1 1. 1,00 1.0 0.97 10 1.3
Factore for a lem increase !n 2
1 -268.7 14.9 1. 0.3 1L.o0o 1.0 1.00 ].00 0.9 1.0
H -102.4 1V.2 0.8 2.1 1.01 1.00 1.00 1.00 0.7 1.0
i) 26).0 ?21.9 2.3 -1.6 1,00 1.00 } 00 1.00 0.9 1.0
4 110.) -38.4 1.9 .03 1.00 1.00 1.00 1.00 1.0 1.0
3 -18.0 6.7 -0.}) 6.4 1.00 1.00 1.00 1.00 1.1 0.9
6 42.1 3.6 1.0 1.0 0.9% 1.01 1.00 1,00 1.0 1.0
7 12.9 1.7 0.9 11 1.0y 096 1.0l 1.00 1.0 1.0
8 e 1.3 08 08 .00 1.00 0.98 1.02 1.0 11
’ 1.1 0.6 07 .05 1.00 V.00 ). 0D 0.9 1.0 1.2

nonax{symmetric effects such an crossovers and leads.
Copper conductor skin effects are not included, but
calculations show that skin effects are not a problem.

A large number of 0-D Culham coupled medel simula-

tions were undertaken during the magnetica development
to {nsure that SCR type power suppliea of reasonable
s{ze could be used. The circulte program SCAT was

employed for all simulations. Figure 2 shows aome of
the outputs «f one stmulation where supplies attempt to
maintain a constant plasma cur.ent (2a) of & MA
following Inductive energy transfer and attenpt to
mafntain a constant value of @ by feedbacl: control of

the B-pht SCR wsupply. Figure 2c showm d, the flux
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surface deviatfon, where I-ph! {3 represented os a
aingle filament as discussed above. An ad hoc plasma
rensistance function was chosen so that 1-phl reached 2
MA at the end of inductive energy transfer ('4 Vs at
the liner, Fig. 2e). This function 1s inversely
proport{onal to I-ph!l (constant resistive voltage) and
decreases as F passas through zero, characteristic of
2T-40M data. Variable I(oh) of Flg. 2g is the OH coil
current, where the four sections are in parallel for a
more simple circuit representation (4 times 50 kA at ¢t
= 0).

A test of the magnetics design was a aimulation
using a wmodel that approximates plagma amotion to
determine Iif the EF coils and supplies control equili-
brfum if, for example, the Shafranov A changes rapidly.
For this model the shell, liner, and plasma are each
represented by 24 pairs of f1lamenta or wires, locate
syometrically about the wmidplane. The simulation
with real{stically modeled SCR supplies shows that flux
surface and equflibrium control {ia obtained with a
siaple feedback algorlithm having a preprogrammed input.

CONCLUSION

A method, devised to optimize 2TH OH and EF coil
locations, provides a design that meets specifications
including minimizing coata. Several types of clrcult
simulations show that the design will be capable of
} lasms, boundary flux surface control with EF eupplies
rated at a power level only slightly greater than that
required to supply resistive losses for the maximum
current rating of the EF colls. EF coil current rat{ng
ims 25 per cent greater than the currents required for
equllibrium at 4 MA and Shafranov A of -0.1.
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